. To determine if this is mediated by an inter-or tion loop of the respective kinase domain by an intramolecular mechanism, we carried out a series of intramolecular mechanism. Once dDYRK2 or MNB is coexpression experiments in Sf9 cells using mutant fully translated and released from the ribosome, the forms of dDYRK2 or MNB. If phosphorylation occurs in transitional tyrosine-kinase activity is lost, and the trans (i.e., intermolecular), then kinase-inactive vermolecules then function only as serine/threonine kisions of the molecule would be phosphorylated when nases. This is a novel mechanism by which protein expressed in the presence of active wt enzyme. In conkinases mature and explains how DYRKs autophostrast, if phosphorylation occurs via a cis-or intramolecphorylate a tyrosine residue but phosphorylate their ular mechanism, then any mutation that compromised substrates on serine/threonine residues. the catalytic activity of the molecule would also disrupt tyrosine autophosphorylation. For these studies, we used kinase-inactive versions of DYRK in which the Results Mg 2+ ATP-orientating lysine (K227 in dDYRK2 and K193 in MNB) located in the small lobe was altered. As Identification of Activation-Loop Phosphorylation shown in Figure 2A , neither dDYRK2 K227M nor MNB Sites in dDYRK2 and MNB K193M was tyrosine phosphorylated when expressed Previously we demonstrated by mutational analysis alone or when coexpressed with the wt enzyme in Sf9 that tyrosine residues in the activation loop of dDYRK2 cells. We extended these studies by determining if wt (i.e., Y356 and Y358) were essential for tyrosine auto- 2B, both kinases efficiently phosphorylated the synand Y326), but phosphorylation of these sites has not thetic exogenous substrate peptide Woodtide, but neibeen addressed. To identify phosphorylated residues in ther dDYRK2 nor MNB phosphorylated their activationdDYRK2 and MNB, recombinant proteins were exloop peptide. Furthermore, several different mutational pressed in Sf9 cells and visualized by Coomassie stainforms of dDYRK2 that are unable to autophosphorylate ing ( Figure 1A ). Bands corresponding to dDYRK2 and Y358 in cis are also not phosphorylated by mature wt MNB were excised from the gel and digested with trypdDYRK2 in trans (Table 1 ). These results demonstrate sin. PHOS-select beads were then used to enrich the that under no circumstance is intermolecular phosphosphopeptides, and the resulting samples were anaphorylation observed and are consistent with DYRK aulyzed by MALDI and electrospray mass spectrometry. tophosphorylation being an intramolecular mechanism. The most abundant phosphopeptides present in the MALDI-TOF (matrix-assisted laser desorption/ionization time-of-flight) spectra were of mass 1123.5443 m/z Mature dDYRK2 and MNB Cannot Autophosphorylate on Tyrosine Residues and 1159.5552 m/z for dDYRK2 and MNB, respectively (data not shown). These phosphopeptide masses idenIn our initial attempts to identify the tyrosine residues phosphorylated in dDYRK2 and MNB, we conducted a tify tryptic peptides derived from the activation loop of dDYRK2 (IYTYIQR, amino acids 355 to 362) and MNB series of in vitro kinase assays where either dDYRK2 or MNB was incubated in the presence of [γ-32 P]ATP. (IYHYIQSR, amino acids 323 to 330). Fragmentation of these peptides revealed that Y358 of dDYRK2 and Y326 Surprisingly, phosphoamino acid analysis of the resulting products revealed that in vitro dDYRK2 and MNB of MNB are phosphorylated residues ( Figures 1B and  1C) . This was also confirmed by inspecting the spectra autophosphorylate only on serine and threonine ( Figure  3A) . These results could be explained if the activationobtained by electrospray LC-MS/MS (liquid chromatography-mass spectrometry/mass spectrometry) (data loop tyrosines of dDYRK2 and MNB were stoichiometrically phosphorylated in vivo such that no further phosnot shown). As no other phosphotyrosine was detected in dDYRK2 or MNB, immunoblotting with anti-phosphophate could be incorporated. To address this model, we first treated the kinases with lambda phosphatase. tyrosine antibodies will detect only phosphorylated Y358 in dDYRK2 and phosphorylated Y326 in MNB.
Both dDYRK2 and MNB were found to be resistant to dephosphorylation by phosphatase, with only a 50% The importance of Y358 in dDYRK2 was investigated further by mutational analysis. As shown in Figure 1D , reduction for both kinases seen after 15 min and no further reduction up to 60 min ( Figure 3B ). The reducalteration of Y358 but not Y356 to phenylalanine abolished recognition of this protein by anti-phosphotyrotion of tyrosine phosphorylation correlates with a 50% reduction in activity ( Figure 3C ), further demonstrating sine antibodies. Furthermore, phosphorylation of Y358 is required for enzyme activity, as the Y358F mutant has that the activation-loop phosphorylation is required for activity. However, the resistance to dephosphorylation in vitro kinase assay. As shown in Figure 3A , lambdaphosphatase-treated dDYRK2 and MNB autophosindicates that the phosphorylated activation-loop tyrosine is potentially buried in the mature kinase structure. phorylate only on serine and threonine residues. The sample tested in this reaction contained both tyrosineWe next tested the ability of the dephosphorylated DYRK molecules to rephosphorylate by incubating the and non-tyrosine-phosphorylated DYRK molecules. Figure 4A , the kinetics of dDYRK2 expression (anti-FLAG immunoblot) parallels the levels of tyrosine phosphorylation (anti-phosphotyrosine immunoblot). dDYRK2 expression and tyrosine phosphorylation are both first detected after 20 min. As the levels of dDYRK2 expression increase, so to do the levels of tyrosine phosphorylation. Similar results were obtained with MNB ( Figure 4B ). The absence of any lag time between synthesis and autophosphorylation demonstrates that the autophosphorylation event is extremely rapid, consistent with it being an intramolecular event.
One model that would account for the observed experimental results is if tyrosine autophosphorylation occurred during an essential maturation process coupled to or completed immediately after the elongation step middle panel). Wild-type but not K227M dDYRK2 is tyrosine phosphorylated to a level equivalent to that of fully translated and released wt dDYRK2 detected in mature forms of dDYRK2 and MNB cannot autophosthe FLAG-immunoprecipitated sample of the supernaphorylate tyrosine residues by either an intra-or intertant ( Figure 4C , upper panel). This indicates that molecular mechanism, even when some of the phosdDYRK2 autophosphorylation on Y358 occurs while still bound to ribosomes. These results indicate that auphate has been removed. Figure 5A ). However, only purvalanol A but not TBB inhibits dDYRK2 autophos-5F demonstrates that full-length DYRK molecules that have never been phosphorylated as a consequence of phorylation in the rabbit reticulocyte lysate (Figures 5B  and 5C ). Purvalanol A can also inhibit CDKs; therefore, treatment with purvalanol A are unable to autophosphorylate on tyrosine. This result supports our model to control for these kinases being involved in dDYRK2 autophosphorylation, we used alsterpaullone, a known that autophosphorylation of the DYRK activation-loop tyrosine is accomplished by the action of a transitional CDK but not DYRK inhibitor (Bain et al., 2003) . Alsterpaullone had no effect on either dDYRK2 activity tointermediate and is a one-off event. ward Woodtide or its autophosphorylation. Furthermore, PP2, a tyrosine-kinase inhibitor (Hanke et al., Discussion 1996), also had no effect (Figures 5D and 5E ). This provides further evidence that dDYRK2 autophosphorWe initiated these studies to answer two questions concerning the regulation of DYRK catalytic activity. ylates in the rabbit reticulocyte lysate as well as indicating that the mechanism of dDYRK2 autophosphorylaFirst, how does a serine/threonine kinase autophosphorylate on tyrosine residues? And second, why are tion is different from the mechanism that it uses to phosphorylate exogenous substrates.
DYRK proteins unable to phosphorylate these same tyrosine residues in vitro? Our model makes a strong prediction: drugs that in- 
Here we suggest that a canonical kinase domain can the molecule's own activation-loop region, and phosphorylation of the second tyrosine in the YXY motif is adopt a functional intermediate during maturation of the enzyme that is capable of intramolecular phospho-
inevitable. While many studies have concentrated on specificity determinants of intermolecular phosphorylatransfer. As proteins are translated, the N terminus becomes available for folding before the C terminus, tion events, we know of none that addresses intramolecular constraints. Our work suggests that intramolecleading to the formation of folded translational intermediates typically consisting of w50-300 amino acids. ular determinants will differ not only with respect to surrounding consensus sequences but even with reCertain intermediates have been shown to exhibit transient properties that differ from the full-length protein. Table S1 (described as above) and the NotI EcoRI fragment encoding the many of the developmental defects associated with the FLAG-MNB protein or the EcoRI fragment encoding MNB protein twice with 1 ml ice-cold buffer B. Control reactions were performed as above but in the absence of phosphatase. was cloned into the pVL1393 baculoviral vector (BD Biosciences) for expression in Sf9 cells. The other MNB constructs encoding amino acid point mutations were generated with the primers outImmunoblotting lined in Table S1 .
Immunoprecipitated dDYRK2 or MNB or ribosome-purified dDYRK2 was subjected to SDS-PAGE (4%-12% NuPAGE), transferred to nitrocellulose, blocked with 3% BSA TBS-T, and immuPlasmid Constructs noblotted with either 1:15,000 dilution of anti-phosphotyrosine, The EcoRI insert encoding the FLAG-dDYRK2 protein was sub-1:5,000 dilution of anti-FLAG antibody, or 1:1,000 dilution of anticloned into pcDNA3 for expression using T7 RNA polymerase in L11 antibody. HRP-conjugated anti-mouse was used to detect antithe Rabbit Reticulocyte Lysate TNT system (Promega). The FLAGphosphotyrosine or anti-FLAG antibody, and HRP-conjugated MNB-expressing plasmid was generated using the primers and anti-rabbit was used to detect anti-L11, then visualized using the conditions outlined above. T3 RNA polymerase was used to exenhanced chemiluminescence system (Amersham). press the protein in the Rabbit Reticulocyte Lysate TNT system (Promega).
Phosphoamino Acid Analysis Immunoprecipitated FLAG-dDYRK2 or FLAG-MNB was incubated In Vitro Transcription and Translation in buffer B with 100 M [γ- 
